To improve the accuracy of X-ray absorption near-edge structure (XANES) calibrations for the Fe 3 + /ΣFe ratio in basaltic glasses, we reevaluated the Fe 3 + /ΣFe ratios of glasses used as standards by Cottrell et al. (2009) , and available to the community (NMNH catalog #117393). Here we take into account the effect of recoilless fraction on the apparent Fe 3 + /ΣFe ratio measured from room temperature Mössbauer spectra in that original study.
Introduction
Analyses of the Fe 3 + /ΣFe ratio of mafic glasses provide essential information on the redox state of the mantle (Christie et al., 1986; Carmichael, 1991; McCammon and Kopylova, 2004; Bézos and Humler, 2005; Kelley and Cottrell, 2009; Cottrell and Kelley, 2011) , and on redox changes associated with crustal differentiation (Kelley and Fe 3 + /ΣFe ratios in natural glasses have proliferated in recent years. The widespread adoption of XANES for Fe 3 + /ΣFe ratio determinations of natural glasses makes it essential that attention be paid to the accuracy of this relatively new technique. Because quantitative XANES analysis of Fe oxidation state derives from calibration against independently-known standards, this in turn requires careful attention to the accuracy of methods used in the characterization of standard reference materials. Particularly important constraints on redox of the mantle and crust derive from the Fe 3 + /ΣFe ratios of mid-ocean ridge basalt (MORB) glasses, which define the oxidation state of the primitive oceanic crust and are related directly to the oxygen fugacity (fO 2 ) of the sub-oceanic mantle (Carmichael and Ghiorso, 1986; Christie et al., 1986; Ballhaus, 1993; Bézos and Humler, 2005; Frost and McCammon, 2008; Cottrell and Kelley, 2011) . From wet chemical analyses, Christie et al. (1986) found a mean value of 0.07 ± 0.03 (1σ) for a global suite of 87 MORB glasses, whereas 105 MORB glass analyses by Bézos and Humler (2005) produced an average of 0.12 ± 0.02 (1σ). In contrast, XANES analyses of 103 MORB glasses, calibrated via Mössbauer spectroscopy, have a yet greater average value, 0.16 ± 0.01 (1σ) (Cottrell and Kelley, 2011) . These distinct ratios convert to more than an order of magnitude difference in the estimated oxygen fugacity, fO 2 , of primitive MORB magmas and their source, which in turn amounts to significant differences in the expected depth extent of carbonate-induced melting and metal precipitation in the mantle (Stagno and Frost, 2010; Stagno et al., 2013) and in reconstructed mantle temperatures through determination of FeO*-MgO systematics (Herzberg and Asimow, 2015; Putirka, 2016) .
Possible causes for differences in average MORB glass Fe 3 + /ΣFe ratios determined by wet chemistry (Christie et al., 1986; Bézos and Humler, 2005) and XANES (Cottrell and Kelley, 2011) include incorporation of olivine microphenocrysts in bulk wet chemical aliquots, the interference of additional redox couples during wet chemical dissolution, or systematic differences between the room temperature Mössbauer-based XANES calibration and wet-chemistry (Cottrell and Kelley, 2011) . XANES determinations, although highly precise, depend on standardization against materials of known Fe 3 + /ΣFe ratio, and so are only as accurate as the methods used for calibration.
In many cases, the Fe 3 + /ΣFe ratios of XANES standards have been independently determined by Mössbauer spectroscopy (Berry et al., 2003; Wilke et al., 2005; Cottrell et al., 2009; Zhang et al., 2016; Alderman et al., 2017) . Accurate determination of Fe 3 + /ΣFe ratios in silicate glasses by Mössbauer spectroscopy is the subject of a longstanding controversy, in part owing to debate as to the influence of recoilless fraction on the area ratios of room temperature (RT) Möss-bauer absorption doublets associated with paramagnetic Fe 2 + and Fe 3 + in silicate glasses Dyar et al., 1987; Lange and Carmichael, 1989; Ottonello et al., 2001; Righter et al., 2013; Zhang et al., 2015) . Recoilless fraction (f) for each kind of iron species, which is the ratio of γ-ray reacted iron ions and total iron ions, therefore, it is mainly controlled by the lattice dynamics in the samples. Both theoretical considerations of bond strengths (Chen and Yang, 2007) and abundant evidence from minerals (Leider and Pipkorn, 1968; Seifert and Olesch, 1977; Chambaere et al., 1984; De Grave et al., 1984; De Grave et al., 1985; Vandenberghe et al., 1986; Bowen et al., 1989; Ellwood et al., 1989; Persoons, 1990; De Grave and Van Alboom, 1991; de Bakker, 1994; Fei et al., 1994; McCammon et al., 1995; Van Alboom and De Grave, 1996; De Grave et al., 1998; McCammon, 1998; Eeckhout et al., 1999; Eeckhout et al., 2000; Eeckhout and De Grave, 2003; Dyar et al., 2008; Dyar et al., 2012; Dyar et al., 2013) demonstrate that RT Mössbauer analyses are likely to overestimate Fe 3 + /ΣFe ratios of Fe-bearing silicates unless a correction for recoilless fraction is applied. This concept is illustrated in Fig. 1 Table S1 ( Leider and Pipkorn, 1968; Seifert and Olesch, 1977; Chambaere et al., 1984; De Grave et al., 1984; De Grave et al., 1985; Vandenberghe et al., 1986; Bowen et al., 1989; Ellwood et al., 1989; Persoons, 1990; De Grave and Van Alboom, 1991; de Bakker, 1994; Fei et al., 1994; McCammon et al., 1995; Van Alboom and De Grave, 1996; De Grave et al., 1998; McCammon, 1998; Eeckhout et al., 1999; Eeckhout et al., 2000; Eeckhout and De Grave, 2003; Dyar et al., 2008; Dyar et al., 2012; Dyar et al., 2013 Cottrell and Kelley (2011) , would shift to lower values. Recently, Zhang et al. (2015) made a detailed analysis of low temperature Mössbauer spectra of an andesitic glass, and were able to resolve recoilless fraction effects that exceed the analytical limit of detection. In this contribution, we update that calibration and conduct a similar investigation for glass of basaltic composition.
Mössbauer spectra collection
Cryogenic (10 K) Mössbauer spectra of basaltic glasses from Cottrell et al. (2009) were collected using constant acceleration transmission mode with a nominal 50 mCi 57 Co source at Geophysical Laboratory, H.L. Zhang et al. Chemical Geology 479 (2018) 166-175 temperature (293 K) was applied. Room temperature Mössbauer spectra on these glasses were also collected with the same protocols, as reported in Cottrell et al. (2009) . Additional Mössbauer spectra of one of these glasses, AII_25, quenched from a 100 kPa gas mixing furnace at 2.47 log units above the quartz-fayalite-magnetite (QFM) buffer, as reported in Cottrell et al. (2009) , were collected at the Institute for Rock Magnetism, University of Minnesota. Data were collected at 40-320 K using a constant acceleration Mössbauer spectrometer [Web Research (currently SeeCo) ] equipped with a Janis Nitrogen shielded helium dewar, using a 57 Co/Rh source and calibrated against a pure Fe foil at room temperature (293 K). Data collection procedures were the same as described in Zhang et al. (2015) . Sample mounts consisted of a compressed powder pellet of approximately circular shape and a diameter of 12.7 mm, made from powdered AII_25 glass evenly mixed with cellulose in a 1:1 ratio. The absorber thickness was adjusted for an absorber density of 8 mg/cm 2 Fe.
Results
All Mössbauer spectra on sample AII_25 and glasses analyzed at 10 K were fitted with a 2D distribution Extended Voigt based fitting (xVBF) method with the RECOIL software package (Lagarec and Rancourt, 1997) . There is no resolvable evidence of sextets in any spectra, and so at all temperatures paramagnetic Fe 2 + and Fe 3 + dominate the Fe ions in the glass. Spectra were fit using the process described in Zhang et al. (2015) . Nominal (uncorrected) Fe 3 + /∑Fe ratios were calculated from the ratio of absorption areas of Fe 3 + doublets relative to the whole resonant absorption area. The chi-squared goodness-of-fit statistic (χ 2 ) is <3 for all fits.
To ensure consistency between the fitting methods applied in this work and those of Cottrell et al. (2009) , Mössbauer spectra collected for basaltic glasses at room temperature (293 K) by Cottrell et al. (2009) and originally fit using the method of Alberto et al. (1996) were also refit with the RECOIL software package (Lagarec and Rancourt, 1997) with the same procedure described above and in Zhang et al. (2015) . The methods of Alberto et al. (1996) and xVBF both fit the hyperfine parameters and those hyperfine parameters then generate the absorption envelope. Because these two methods are based on the Gaussian distribution of Lorentzian line shapes, a single doublet can accommodate asymmetry in the envelope. We list new fit parameters in Table  S2 and show an example of a RT xVBF fit in Fig. S1 . The resulting Fe 3 + / ΣFe ratios, uncorrected for recoilless fraction effects, are consistent with the results from Cottrell et al. (2009) (Fig. S2) .
Cryogenic (10 K) Mössbauer spectra of basaltic glasses have more broadened line-shapes than spectra from the same samples collected at room temperature, as has been observed previously (Dyar et al., 2012; Zhang et al., 2015) . Spectra consisted of two quadrupole doublets, one each originating from paramagnetic ferric iron and ferrous iron, and these were fit following the procedure of Zhang et al. (2015) . Cryogenic Mössbauer spectra were collected at 4 mm/s scale, which causes a short base line on the high velocity side (Fig. S1 ). Leaving the hyperfine parameters unconstrained during fitting, three spectra (LW_-20, All_-15 and All_-05) yielded Fe 3 + /ΣFe ratios inconsistent with those derived from the RT Mössbauer spectra on the same samples. Moreover, the Lorentzian Half Width at Half Maximum (HWHM) in these unconstrained fits was < 0.1 mm/s, which is lower than expected and reached the minimum limit allowed within the RECOIL software package. Unconstrained fits of the RT spectra of reduced glasses consistently yielded CS~0.6. Guided by this, we fixed CS near~0.6 mm/s when fitting the cryogenic spectra. In this fitting scenario, the Lorentzian HWHM were > 0.1 mm/s (as expected), χ 2 values are < 3, and the Fe 3 + /ΣFe ratios were consistent with those found at RT. We show example spectra with constrained and unconstrained fits in Fig. S1 and list the resulting Mössbauer parameters in Table S3 .
The absorption areas of Mössbauer doublets produced by Fe 3 + and 
Comparison of the 10 K and room temperature Mössbauer spectra of these glasses based on Eq. (1), suggests a correction factor, C 293 /C 10 , of 1.105 ± 0.015 (2σ) (Fig. 2) . Because recoilless fractions are not exactly unity even at 10 K, owing to the possibility of zero point effects on bond strengths (Chen and Yang, 2007) , this correction represents a minimum value. We further examined the temperature dependence of recoilless fraction with a detailed study of Mössbauer spectra of glass AII_25 at 40-320 K.
With increasing temperature for glass AII_25, the relative area under the Fe 2 + doublet diminishes compared to that of Fe 3 + (Table S4) , and the normalized area ratios decrease for both Fe 3 + and Fe 2 + (Fig. 3) , as is also observed for andesitic glasses (Zhang et al., 2015) . As the actual . This verifies that the uncorrected RT Mössbauer spectrum for AII_25 overestimates the true Fe 3 + /ΣFe ratio. The temperature dependence to the absorption areas (AA) attributed to each ion can be approximated by a Debye function ratio determined at 10 K is taken to be the accurate value unaffected by effects of recoilless fraction, then C 293 (Eq. (1)) is the mean ratio of the determined Fe 3 + /Fe 2 + , which is resolved through a weighted least squares regression using 2σ weights for both room temperature and 10 K determinations and a Levenberg-Marquart algorithm. The resulting linear relationship (y = ax) has a slope of 1.105 ± 0.015 and an r 2 of 0.997. To maintain internal consistency, the Fe 3 + /ΣFe ratios resulting from re-determination of the RT Mössbauer fits listed in Table S2 are employed. The error bars reflect precision (2 σ) though for some data, the error bars are smaller than the symbol size.
H.L. Zhang et al. Chemical Geology 479 (2018) 166-175 Grave et al., 1985; Chen and Yang, 2007; Zhang et al., 2015) , where f is recoilless fraction, θ D is the Mössbauer Debye temperature and the sole adjustable parameter in the equation, k B is the Boltzmann constant, E R is the recoil energy, which in turn is given by E R = E g 2 /2Mc
2 , in which E g is the energy of the γ-rays Analysis of the recoilless fraction in this manner is termed the relative method (Chen and Yang, 2007; Zhang et al., 2015) . Additionally, center shifts (CS) increase with decreasing temperature, consistent with the contributions of the second-order Doppler shift (Fig. S3) , and this in turn can be related to differences in Mössbauer Debye temperatures of , and therefore to differences in recoilless fraction (De Grave et al., 1985) . As discussed by Zhang et al. (2015) , the relative method is preferred because it is more direct and less reliant on the applicability of Debye theory, which does not account for possible contributions from anharmonicity that may be particularly important for glasses.
As described by Zhang et al. (2015) , Mössbauer Debye temperatures can be determined by direct measurement of the temperature-dependent relative areas of the Mössbauer doublets (Eq. (2)), calculated by normalizing to measurements at a reference temperature (T 0 ). In theory, one should be able to use any temperature step as T 0 and get the same answer. However, using a single T 0 has the effect of exaggerating the weight of the uncertainty of Mössbauer spectra collected at the selected reference temperature relative to uncertainties on spectra collected at the other temperatures used to refine θ D . To avoid this bias, we calculated θ D repeatedly using the data collected from 40 to 320 K by selecting every measurement temperature as T 0 and resolving θ D over the temperature range. We then calculate an averaged θ D considering uncertainties from each θ D determination. (Chen and Yang, 2007; Zhang et al., 2015) . At each T 0 , the values of C 293 in Eq. (1) (Fig. 2) . The agreement of these two independent approaches supports the accuracy of the derived C 293 values. In the following calculations, we adopt the 1.125 ± 0.068 value for application to basaltic glasses because, as described earlier, it is likely to be more accurate. Zhang et al. (2015) calculated C 293 for two andesitic glasses, one quenched at ambient pressure (VF3) and one quenched from high pressure (M544), using just one reference temperature. Therefore, we have recalculated the Mössbauer Debye temperatures and C 293 for these glasses in Zhang et al. (2017) and provide here an updated andesitespecific XANES calibration in supplement Fig. S4 /ΣFe from XANES pre-edge centroids
Basalt and andesite
The correction factor, C 293 , calculated here for basalt (1.125 ± 0.068), allows recalculation of the Fe 3 + /ΣFe ratios of the 13 basaltic glasses employed as standards by Cottrell et al. (2009) . The resulting revised Fe 3 + /ΣFe ratios for these basalts are given in Table 2 . The revised Fe 3 + /ΣFe ratios of these standards, in turn, allow recalibration of the relationship between the XANES pre-edge centroid (23) 337 (10) 295 (1) 160 1.116 (24) 335 (10) 293 (1) 180 1.118 (20) 336 (8) 293 (1) 200 1.110 (24) 326 (9) 289 (1) 220 1.190 (33) 351 (14) 284 (2) 240 1.147 (37) 343 (16) 290 (2) 260 1.069 (38) 319 (14) 294 (1) 280 1.055 (36) 315 (13) 296 (3) 300 1.077 (40) 334 (17) 304 (3) 320 1.229 (31) 386 (18) 291(2) Average 1.125 (68) 339 (24) 292 (7) Note: the uncertainty notation is such that, for example, 1.019(49) is equivalent to 1.019 ± 0.049. Uncertainties are given as 2σ standard deviations. The average value is calculated as the weighted mean of determinations at individual temperatures.
H.L. Zhang et al. Chemical Geology 479 (2018) [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] position and the Fe 3 + /ΣFe ratio. We use the same method for determining drift-corrected pre-edge centroid positions described in Cottrell et al. (2009) , but with updated measurements of the centroids for the standards that reflect improved statistics from >8 years of repeated measurements of these glasses at beamline X26A of National Synchrotron Light Source (NSLS). Revised centroid energies for each are given in Table 2 .
Combining the revised Fe 3 + /ΣFe ratios and pre-edge centroids for the 13 basalt standards allows regression of a modified XANES calibration curve that can be applied to determine Fe 3 + /ΣFe ratios in unknown basaltic glasses (Fig. 4 ). We applied a weighted least-squares, second-order polynomial fit to the reference glasses, taking into account the uncertainties in precision of the XANES and Mössbauer data in 
where x is the drift-corrected centroid energy minus 7112.22 eV, a 1 = 0.011, a 2 = 0.354, and a 3 = 0.125 (Table 3 and Table S5 ). The quantitative uncertainties for calculating Fe 3 + /ΣFe ratios from the XANES calibration depicted in Fig. 4 depend on the relevant comparison. For comparison of Fe 3 + /ΣFe ratios determined by XANES, the precision of the analyses depends only on the instrumental uncertainty associated with the centroid determination, σ x . The uncertainty in Fe 3 + /ΣFe ratio that arises from σ x is here termed σ y1 , which is given by /ΣFe ratios determined by Mössbauer spectroscopy requires consideration of the uncertainties associated with the coefficients (a 1 , a 2 , and a 3 ) to the quadratic function given in Eq. (4), determined by the least squares methods described above, in addition to instrumental uncertainties of the XANES determinations. We term this uncertainty σ y2 . Importantly, the coefficients resulting from the least squares fit have covariances as well as variances, and are described by the variance-covariance matrix (Bevington and Robinson, 2003) 
The numerical values of the elements of cov are given in Table S5 , and σ y2 is given by
where X is the vector
Finally, for comparison of XANES-determined values of Fe 3 + /ΣFe ratios to Fe 3 + /ΣFe ratios determined by independent methods such as wet chemistry, we must also consider the contributions to uncertainty arising from the statistically imperfect resolution of the value of the recoilless fraction ratio, C 293 . These are systematic uncertainties, in that adopting different values of C 293 would result in shifts of all the calibration points in Fig. 4 to greater or lesser values of Fe 3 + /ΣFe ratios, and incorporation of this effect is an evaluation of the accuracy (rather than simply the precision) of the Fe 3 + /ΣFe ratio determined by the XANES calibration. This accuracy uncertainty is termed σ y3 and from propagation of uncertainty through Eq. (2) is given by
( 1) [ /ΣFe ratios are determined by Mössbauer spectroscopy from Cottrell et al. (2009) , corrected for recoilless fraction effects using C 293 = 1.125, as described in text, with the uncertainties reflecting only the statistics of the fits to the spectra. Table 2 ; in the x-axis direction, the error bars are smaller than the symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) /ΣFe ratio and x refers centroid from pre-edge XANES spectra. = as number of analyses used to construct average.
H.L. Zhang et al.
Chemical Geology 479 (2018) [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] for which precision is characterized. The same procedures can be applied to a revised calibration of Mössbauer-determined Fe 3 + /ΣFe ratios for the 19 andesitic glasses analyzed by Zhang et al. (2016) , using the applicable correction factor, C 293 , of 1.200 ± 0.111 (Table S7 in Zhang et al., 2017) . For these, the fit parameters to Eq. (4) are a 1 = 0.641, a 2 = 0.775, and a 3 = 0.263, where x is the drift-corrected centroid energy minus 7113.25 eV (Table 3 and Table S5 ). This fit has a R 2 of 0.992 and is applicable for values of Fe 3 + /ΣFe between 0.08 and 0.80. Uncertainties can be calculated from the covariance matrix (Eq. (6)) given in Table S5 . The resulting relationship between Fe 3 + /ΣFe and XANES centroids is shown in Fig. S4 .
The statistics cited above indicate how well the regressions recover the Mössbauer-determined Fe 3 + /ΣFe ratios of the calibration glass standards, but do not necessarily predict the uncertainties that can be attached to newly analyzed unknowns. Some insight for such predictive capacity can be attained from cross-validation methods. Because the data sets used to train the model are small (n basalt = 13 and n andesite = 19), we use the leave-one-out cross-validation method (Arlot and Celisse, 2010) to run this test. The resulting root mean square uncertainties for the predicted Fe 3 + /ΣFe ratios of unknowns determined from the basaltic and andesitic calibrations are, respectively, ± 0.01 (1σ) and ±0.02 (1σ).
General calibration for mafic glasses
The revised Fe 3 + /ΣFe ratio calculations for basaltic and andesitic glasses also allow presentation of a more general XANES calibration for mafic glasses when compositions are intermediate between basalt and andesite and/or when the available calibration glasses are not an exact match to the unknowns. Dauphas et al. (2014) and Zhang et al. (2016) previously showed that the XANES Fe pre-edge centroids of basaltic and andesitic glasses have similar correspondences to their Fe 3 + /ΣFe ratios.
Going further, Dyar et al. (2016) highlighted the versatility of applying a single universal calibration to silicate glasses from basalt to rhyolite in cases where 3.6% (1 σ) absolute precision on the Fe 3 + /ΣFe ratio is acceptable. Here, we develop a function that may be applied to mafic glasses (basalt through andesite) using the 13 basaltic glass standards from Cottrell et al. (2009) and the 19 andesitic glasses from Zhang et al. (2016) , corrected for recoilless fraction based on the results of this work and of Zhang et al. (2017) , in addition to 6 iron-rich synthetic basaltic glasses analyzed for Fe 3 + /ΣFe ratio by wet chemistry (Kress and Carmichael, 1991) and by XANES (Cottrell and Kelley, 2011) . Together, these glasses range in SiO 2 from 45 to 57 wt% SiO 2 . The qualitatively distinct nature of uncertainties in Mössbauer and wet chemical analyses makes Monte Carlo simulation the optimum method for evaluating the best fit curve and its attendant propagated confidence interval, as detailed in the caption to Fig. 5 . The resulting best fit with R 2 = 0.991 is described by Eq. (4) with the coefficients a 1 = 0.1156, a 2 = 0.2407, and a 3 = 0.2854 (Table 3 and Table S5 ) and is illustrated in Fig. 5 . Uncertainties for σ y2 for this polynomial are described by Eq. (8), with coefficients of the covariance matrix given in Table S5 . Note that there is no need to evaluate σ y3 in this case because the uncertainties in the values of the recoilless fraction are already factored into the Monte Carlo simulation. The expected uncertainty in Fe 3 + /ΣFe ratio of an analyzed unknown using the mafic glass calibration, estimated with the leave-one-out cross validation method described above, is ± 0.02 (1σ).
Discussion

Mössbauer recoilless fraction ratio in mafic glasses
The improved and recommended recoilless fraction ratios at room temperature, C 293 , for basaltic and andesitic glasses are 1.125 ± 0.068 and 1.200 ± 0.111, respectively. Although these are similar within uncertainty, a larger value for andesitic than for basaltic glass could indicate that the difference in Fe 3 + eO and Fe 2 + eO bond strengths in the andesitic glass is greater than that for basaltic glass. The recoilless fractions of Fe 3 + and Fe 2 + found for mafic glasses are comparable to those expected based on measurements of f 293 in minerals (Leider and Pipkorn, 1968; Seifert and Olesch, 1977; Chambaere et al., 1984; De Grave et al., 1984; De Grave et al., 1985; Vandenberghe et al., 1986; Bowen et al., 1989; Ellwood et al., 1989; Persoons, 1990; De Grave and Van Alboom, 1991; de Bakker, 1994; Fei et al., 1994; McCammon et al., 1995; Van Alboom and De Grave, 1996; De Grave et al., 1998; McCammon, 1998; Eeckhout et al., 1999; Eeckhout et al., 2000; Eeckhout and De Grave, 2003; Dyar et al., 2008; Dyar et al., 2012; Dyar et al., 2013) (Fig. 1 ) and glasses (Ottonello et al., 2001; Mysen and Dubinsky, 2004; Mysen, 2006) .
Accuracy of basalt glass Fe
3 + /ΣFe ratios determined by Mössbauer spectroscopy Berry et al. (2015 Berry et al. ( , 2017 suggested that the Fe 3 + /ΣFe ratios determined for MORB by Cottrell and Kelley (2011) are greater than wetchemical determinations by Christie et al. (1986) and Bézos and Humler (2005) owing to inappropriate interpretation of the Mössbauer spectra of the 13 glasses used as standards by Cottrell et al. (2009) . The basis for this assertion is an alternate interpretation of an asymmetry, a "shoulder," on the low-velocity side of the high-velocity component of the Mössbauer absorption doublet in glasses equilibrated at oxygen fugacities below QFM. A feature found in the spectra of tektites with similar hyperfine parameters (CS near 0.6 mm/s and QS near 1 mm/s) was called "D2" by Rossano et al. (1999) . Following Rossano et al. (1999) , Berry et al. (2015 Berry et al. ( , 2017 argued that "D2" must derive from Fe 2 + because it occurs in highly reduced glasses, and conjectured that it could also be present in the Mössbauer spectra of the more oxidized glasses used for XANES calibration by Cottrell et al. (2009) , thereby biasing the latter's calibration to higher Fe 3 + /ΣFe ratios. Features similar to "D2", but with somewhat distinct hyperfine features, have been identified in reduced glasses by Virgo and Mysen (1985) (at 77 K) and by Borisov and McCammon (2010) . Cottrell et al. /∑Fe ratios for basaltic (solid red circles) and andesitic (solid purple diamonds) glasses analyzed originally by Cottrell et al. (2009) and Zhang et al. (2016) corrected Fe 3 + /∑Fe ratios are described in the text and given in Table 2 and Table S5 , respectively. For 3 andesitic glasses analyzed by Zhang et al. (2016) both at NSLS and APS facilities, centroids and uncertainties are averages. XANES centroids are given in Cottrell and Kelley (2011) for 6 basaltic glasses (empty black triangles) analyzed by wet chemistry by Kress and Carmichael (1991) . The heavy, solid blue line is the weighted second-order polynomial fit with blue dashed lines showing the 95% confidence band. For reference, the gray dotted and dashed lines show the basaltic XANES calibration curve and 95% confidence band given by Eq. (4) and shown in Fig. 4 . Error bars have the same format as in Fig. 4 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) H.L. Zhang et al. Chemical Geology 479 (2018) [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] (2009) discussed this feature and considered it to be possibly owing to Fe 3 + but, like Borisov and McCammon (2010) , argued that it was not a statistically resolvable feature. Here we offer further analysis of this feature. In the following paragraphs, we show that (1) this feature (CS near 0.6 mm/s and QS near 1 mm/s) is most consistent with ferric iron, (2) the CS of ferric iron shifts to lower values as Fe 3 + /ΣFe ratio increases Dingwell and Virgo, 1987; Jayasuriya et al., 2004; Mysen, 2006; Zhang et al., 2016) , and (3) attempts to retain a doublet with the hyperfine parameters of "D2" when fitting spectra of more oxidized glasses results in no statistical improvement or difference in the quality of the fit. Rossano et al. (1999) , analyzing tektites by wet chemistry, determined that 5-9% of iron in the tektites was ferric. Rossano et al. (1999) asserted, however, that because tektites are "known to be highly reduced", the absorption doublet, "D2" (CS~0.6, QS~1.0) must be attributable to a second ferrous site. Critically, however, the hyperfine features of "D2" are not close to any features known to be associated with Fe 2 + in minerals or glasses, but are similar to those attributable to Fe 3 + (Burns, 1994) . /ΣFe ratio increases Dingwell and Virgo, 1987; Jayasuriya et al., 2004; Mysen, 2006; Zhang et al., 2016) , consistent with a change in the structural role of ferric iron (Kress and Carmichael, 1988) . While Fe 3 + in every glass has a distribution of oxygen coordination numbers, in relatively reduced glasses in this and other studies, the most probable value of the CS of ferric iron is relatively high and similar to the hyperfine parameters of Rossano's "D2" (e.g. LW_-10, Fig. S5a ). In more oxidized glasses, the most probable CS of ferric iron is lower (e.g. Table  S2 , AII_25, Fig. S2a ). Our attempt to retain a third doublet with hyperfine parameters akin to "D2" (AII_25, Fig. S5b ) resulted in a fit statistically indistinguishable from one without inclusion of the "D2" doublet within > 99% confidence (F-test statistic = 1.0000, pvalue = 0.9999, degrees of freedom = 255). Inclusion of a second ferrous doublet is thus not justified by the statistics of the fits.
With respect to the intercalibration of XANES and Mössbauer determinations of Fe 3 + /ΣFe ratios, we emphasize that, like Cottrell et al. (2009) , we do not include glasses equilibrated below QFM-2.5. This stems from a structural interference that inhibits our ability to resolve changes in the pre-edge centroid for glasses with Fe 3 + /ΣFe ratios <~0.08 (Cottrell and Kelley, 2011) . Thus, for the purpose of calibrating XANES, our fits of Mössbauer spectra taken on glasses equilibrated below QFM-2.5 is of little consequence because, as shown above, it does not impact our fits of glasses equilibrated above QFM-2.5.
Comparison to thermodynamic models
Because the 13 basaltic glasses used as standards in this study were quenched from 1350°C and 100 kPa at known fO 2 , the Fe 3 + /ΣFe ratios inferred from XANES centroids can be compared to those predicted from the thermodynamic models of Kress and Carmichael (1991) (their Eq. (7)) and Jayasuriya et al. (2004) (their Eq. (14)). Because the Kress and Carmichael (1991) /ΣFe ratios slightly greater than those calculated from the Kress and Carmichael (1991) model, with an average offset in Fe 3 + /ΣFe ratio of 0.017. Cottrell and Kelley (2011) applied microcolorimetry, the same wet chemical method used to calibrate the model of Kress and Carmichael (1991) , to some of their experimental glasses and concluded that the RT Mössbauer-based XANES calibration of Cottrell et al. (2009) might overestimate the ferric iron content of basalts by about 1% (absolute). We find that the agreement improves between Fe 3 + /ΣFe ratios calculated from XANES in this study (Eq. (4) ) and Fe 3 + /ΣFe ratios calculated from the thermodynamic model of Kress and Carmichael (1991) when treating the basaltic standards as unknowns. The comparative regression yields a slope of 1.000 and an average difference of 0.004 (Fig. 7) . The improved agreement between the revised XANES calibration and the wet-chemically-derived model of Kress and Carmichael (1991) aids confidence in the accuracy of this study's XANES calibration. The thermodynamic model of Jayasuriya et al. (2004) addresses the lack of any term in Sack et al. (1980) (a predecessor to Kress and Carmichael (1991) ) that describes Fe ) for Cottrell et al. (2009) with room temperature (dark gray symbols) and 10 K (empty symbols) Mössbauer hyperfine parameters given in Table S2 and Table S3 -Fe 3 + electron delocalization that plots close to the "D2" parameters.
However, the dimensions of this field are not well constrained by observations and we are aware of no charge-delocalization features with room temperature hyperfine parameters similar to "D2". For example, for ilvaite, Fe 2 + eFe 3 + charge delocalization has CS = 0.8-0.9 and QS = 1.6-1.9 (Dyar et al., 2006) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
H.L. Zhang et al. Chemical Geology 479 (2018) [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] and 0.041, respectively (Fig. 7) . /∑Fe ratios of mid-ocean ridge basalts (MORB), which relate directly to the fO 2 conditions of the modern oceanic upper mantle. Applying Eq. (4) to the 103 MORB glasses analyzed by Cottrell and Kelley (2011) (Table S7 ) yields an average Fe 3 + /ΣFe ratio of 0.143 ± 0.008, where the uncertainty reflects only XANES precision (σ y1 ). This value is modestly smaller than the ratio of 0.16 ± 0.01 reported by Cottrell and Kelley (2011) that arises from the uncorrected calibration of Cottrell et al. (2009 /∑Fe ratios determined by XANES with averages determined from wet chemistry, such as those of Christie et al. (1986) or Bézos and Humler (2005) , requires incorporation of the effects of systematic error arising from uncertainties in the recoilless fraction. The magnitude of this systematic uncertainty can be approximated by Eq. (9). Because the absolute values of the Fe 3 + /ΣFe ratio in MORB are relatively low, this effect is small, raising the 1σ uncertainty from 0.008 to 0.01. Thus, including uncertainties associated with accuracy as well as precision, the Fe 3 + /ΣFe ratio of average MORB determined by XANES is 0.14 ± 0.01 (1σ).
This downward adjustment in MORB Fe 3 + /ΣFe ratio compared to that of Cottrell and Kelley (2011) brings the average Fe 3 + /ΣFe ratio of MORB measured by XANES closer to the average ratios measured by wet chemistry of 0.12 ± 0.02 (1σ) by Bézos and Humler (2005) and 0.07 ± 0.03 (1σ) by Christie et al. (1986) . An analysis of the standard errors, however, reveals that the mean oxidation state of iron in MORB found in this study, 0.143 ± 0.001 (1SE, n = 103), remains significantly higher (t-test statistic 8.56, p-value = 2.6e15) than, for example, the mean of 0.124 ± 0.002 (1SE, n = 105) determined by Bézos and Humler (2005) . Ottonello et al. (2001) and Lange and Carmichael (1989) raised the possibility that Mössbauer yields systematically higher Fe 3 + /ΣFe ratios for glasses than wet chemistry due to recoilless fraction effects. Consistent with these suggestions, we show here that, with a correction for recoilless fraction, no bias exists for the experimental calibration glasses between our Mössbauer-derived Fe 3 + /ΣFe ratios and those predicted from the algorithm of Kress and Carmichael (1991) , which is based on the same wet chemical technique as the Christie et al. (1986) study (Fig. 7) . Moreover, the fO 2 we calculate from XANES-based basalt Fe 3 + /ΣFe ratios agrees with spinel oxybarometry performed on the same experiments (Davis and Cottrell, in revision) . Similar to the conclusions of Cottrell and Kelley (2011) , we suggest that the apparent bias between Mössbauer (or Mössbauer-calibrated XANES) and wet-chemistry is most evident when analyses of natural samples are considered. Cottrell and Kelley (2011) and Bézos and Humler (2005) discuss how incorporation of micro-phenocrysts in bulk wet chemical analyses or the influence of additional redox couples present in natural samples, such those owing to sulfur, could lead wetchemically derived Fe 3 + /ΣFe ratios of natural samples, but not synthetic samples, to diverge from XANES-derived Fe 3 + /ΣFe ratios. Alternatively, if the mantle is heterogeneous on a segment or basin scale, the analyzed samples in each study may be biased towards populations that do not have similar mean redox states. For example, the basalts analyzed by Bézos and Humler (2005) come dominantly from the Indian Ocean (58 out of 105 samples), which may be more reduced than other ocean basins (Cottrell and Kelley, 2013; Kelley and Cottrell, 2016) . Discrimination among these possibilities awaits further study.
Oxygen fugacity in the MORB-source mantle
The oxygen fugacity (fO 2 ) of primitive MORB melts and of their source can be inferred from the Fe 3 + /ΣFe ratios of MORB glasses (Carmichael and Ghiorso, 1986; Ballhaus, 1993; Frost and McCammon, 2008; Cottrell and Kelley, 2011 /∑Fe ratios in the 13 standard glasses from Cottrell et al. (2009) determined by Mössbauer-based XANES relative to ratios predicted by the thermodynamic model of a) Kress and Carmichael (1991) and b) Jayasuriya et al. (2004) based on melt composition, temperature and fO 2 from which the glasses were quenched. The Kress and Carmichael (1991) /∑Fe ratios predicted by Kress and Carmichael (1991) and Jayasuriya et al. (2004) , respectively. All the calculated Fe 3 + /∑Fe ratios are listed in Table S6 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) H.L. Zhang et al. Chemical Geology 479 (2018) 166-175 the Kress and Carmichael (1991) model at 1200°C and 100 kPa. The revised mean MORB Fe 3 + /ΣFe of 0.143 ± 0.008 determined here results in conditions about 0.25 log units more reduced, with a mean value of QFM-0.18 ± 0.16.
Conclusions
We reevaluated the XANES calibration to determine Fe 3 + /ΣFe ratios of 13 basaltic standard glasses from Cottrell et al., 2009 . These glasses were previously analyzed by RT Mössbauer spectroscopy, and in this paper, we took into account the effect of recoilless fraction on the apparent Fe 3 + /ΣFe ratios measured from room temperature Mössbauer spectra. f(Fe 2 + ) and f(Fe 3 + ) in basaltic glass were calculated from variable-temperature Mössbauer spectra of AII_25 by a relative method (RM), which is based on the temperature dependence of the absorption area ratios of Fe 3 + and Fe 2 + . The correction value applicable to room temperature determinations (C 293 ) is 1.125 ± 0.068 (2σ). Applying the correction value to the Fe 3 + /ΣFe ratios resolved from RT Mössbauer spectra and the revised average XANES pre-edge centroids for the 13 standard glasses allows regression of a new XANES basalt calibration. The XANES calibration for andesites (Zhang et al., 2016) is also updated and a more general XANES calibration for mafic glasses including both basaltic and andesitic compositions is provided in this work. With the updated basaltic XANES calibration, we have recaluculated Fe 3 + /ΣFe ratios for the mid-ocean ridge basalt (MORB) glasses analyzed previously by XANES by Cottrell and Kelley (2011) . Our results yield an average Fe 3 + /ΣFe ratio for MORB of 0.143 ± 0.008 (1σ) taking into account only analytical precision, and 0.14 ± 0.01(1σ), taking into account uncertainty on the value of C 293 . Based on the database of Cottrell and Kelley (2011) , the revised average oxygen fugacity for MORB is ΔQFM = − 0.18 ± 0.16, where the QFM buffer is calculated based on Frost (1991) at 100 kPa. Supplementary data to this article can be found online at https:// doi.org/10.1016/j.chemgeo.2018.01.006.
